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Generation of nitric oxide gradients in microfluidic devices
for cell culture using spatially controlled chemical reactions
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In this paper, we develop a microfluidic device capable of generating nitric oxide
(NO) gradients for cell culture using spatially controlled chemical reactions. NO
plays an essential role in various biological activities, including nervous, immune,
and cardiovascular systems. The device developed in this paper can control NO
gradients without utilizing expensive and hazardous high purity NO gas sources or
direct addition of NO donors. Consequently, the device provides an efficient, cost-
effective, robust, and stable platform to generate NO gradients for cell culture
studies. In the experiments, NO gradients are first characterized using a NO-
sensitive fluorescence dye, and cell experiments using aortic smooth muscle cells
are conducted. The results demonstrate that the device can alter the intracellular
NO concentrations and further affect the Ca®" concentration oscillation for the
cells. The device developed in this paper provides a powerful platform for
researchers better study the biological roles of NO and its spatial distribution using
in vitro cell models with minimal instrumentation. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4829775]

INTRODUCTION

Nitric oxide (NO) is crucial to human bodies for its multiple biological functions, such as
vasodilation, neurotransmission, and nonspecific host defense.'™ NO serves as an intercellular
messenger, regulating the blood flow and modulating synaptic plasticity in neurons.”> For non-
specific host defense, NO, which is cytotoxic against intracellular pathogens, is produced by
macrophages to kill tumor cells. In spite of all these advantages, NO can also be very harmful
to bodies when it is overproduced.'” For instance, during cerebral ischemia, the NO concentra-
tion can be greatly elevated to 4 um, which is 100-fold higher than that in normal conditions.”
Through its reaction with superoxide, the overproduced NO will generate a significant amount
of peroxynitrite, which is remarkably stable and highly toxic.”> Consequently, in order to fully
understand the role of NO on cells, it is highly desired to control microenvironments capable of
generating various NO concentrations for cell culture.

In recent decades, several approaches have been exploited to control NO concentrations for
biomedical applications. The current methods to control NO mainly rely on direct introduction
of NO from gas cylinders, or direct chemical additions into culture medium.>”~'® However, NO
in high concentration is extremely toxic when it reacts with oxygen and forms nitrogen dioxide
(NO,). Therefore, the instrumentation is often overly complex and bulky and requires professio-
nal operation when gas cylinder is exploited. In contrast, NO generation via chemical addition
can greatly simplify the instrument setup. However, the reactivity of NO donor is usually larger
than that of NO; therefore, it is challenging to avoid the influence of chemical additions on the
cells.? For instance, a NO donor, sodium nitroprusside (SNP), will inhibit cell proliferation by
attacking thiols."! Furthermore, the effects of cellular-scale spatial distribution of NO, which
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exists in a number of physiological microenvironments,'” on cellular behaviors have not been
well studied due to limitations from current methods.

Recently, various microfluidic cell culture devices have been developed due to the desired
properties of microfluidics.'>™® These devices are capable of reconstituting various physiologi-
cally meaningful chemical and physical microenvironments for in vitro cell studies. In addition,
due to better control in both spatial and temporal domains, microfluidic devices capable of gen-
erating gaseous microenvironments, including: oxygen and carbon dioxide, have also been
reported.'®?? In this article, we develop a microfluidic device capable of generating NO gra-
dients based on spatially controlled chemical reactions.® Use of chemical reactions to control
NO gradients eliminates the requirements of direct chemical additions, which will perturb the
cellular activities. Furthermore, without using NO gas cylinders, the setup can be greatly sim-
plified and prevent the potential hazard from high concentration NO. In the experiments, we
perform NO concentration calibrations using a NO-sensitive fluorescence dye. Also, intracellu-
lar NO concentration and Ca®" concentration under NO stimulations are also characterized for
demonstration. The developed device enables the control of NO spatial distribution in cellular
scales without tedious instrumentation and professional operation, which provides a promising
technique to quantitatively study biological roles of NO and its spatial distribution using
in vitro cell culture models.

MATERIALS AND METHODS
Microfluidic device design and fabrication

The developed microfluidic device is made of polydimethylsiloxane (PDMS) due to its gas
permeability, optical transparency, and biocompatibility.>* The device is designed with three
sets of microfluidic channels. The middle channel is exploited for cell culture, and two side
channels are used for NO generation chemical reactions as shown in Fig. 1(a). The middle and
side channels are separated by PDMS walls with thickness of 135 um. In order to generate NO,
the reduction reaction of nitric acid with silver is utilized in the side channel. The chemical
reaction equation is written as

3Ag + 4HNO; — 3AgNO; + NO + 2H,0.

The generated NO diffuses into the main channel, and generates a NO gradient in a direction
perpendicular to the flow direction in the middle cell culture channel.*'°

The device can be fabricated by a standard soft lithographic replica molding process as
shown in Fig. 1(b).”” The mold is prepared by patterning a layer of negative tone photoresist
(SU-8 2050, Microchem Corp., Newton, MA) using a conventional photolithography process.
To prevent undesired bonding between PDMS and the mold, the mold is first silanized with
1H, 1H, 2H, 2H-perfluorooctyltrichlorosilance (78560-45-9, Alfa Aesar, Ward Hill, MA). The
mixture of PDMS prepolymer (Sylgard 184, Dow Corning Co., Midland, MI) and curing agent
with a mixing ratio 10:1 (v/v) are poured onto the mold and cured at 60 °C overnight. Before
assembling the device, the inlets and outlets of the channels are punched on the PDMS layer
by a biopsy punch. A silver wire with a diameter of 50 um is embedded in one of the side
channels. Afterwards, the PDMS layer is permanently bound to a PDMS coated glass using sur-
face oxygen plasma treatment at 90 W for 40 s (PX-250, Nordson MARCH Co., Concord, CA).
Figure 1(c) shows a fabricated microfluidic device capable of generating NO gradients for cell
culture.

NO gradient characterization

In order to calibrate the NO gradient profile in the middle channel, a NO sensitive fluo-
rescence dye, 4,5-diaminofluorescein 4-amino-5-methylamino-2’,7'-difluorofluorescein (DAF-
FM, Molecular Probes D-23841, Invitrogen, Carlsbad, CA) is exploited in the experi-
ments.’*?” First, a deoxygenated buffer solution is prepared by bubbling pure nitrogen gas
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FIG. 1. (a) Illustration of the microfluidic device capable of generating NO gradients for cell culture. (b) Fabrication pro-
cess of the developed microfluidic device. (c) Photo of a fabricated device.

into Dulbecco’s Phosphate-Buffered Saline (DPBS, Gibco 14190, Invitrogen) for more than
30 min. Pure NO gas is then bubbled into the deoxygenated buffer solution to make a stable
NO saturated solution. Solutions with four different NO concentrations ranging from 26 nM
to 704 nM is prepared by serial dilution of the saturated NO solution (1.9 mM). For the fluo-
rescence detection, the NO solutions are mixed with 7 um DAF-FM with a volumetric mixing
ratio of 1:1. The NO calibration solutions are then injected into the middle microfluidic chan-
nel with a flow rate of 1 ul/min using a syringe pump for fluorescence intensity measurement.
To characterize NO gradients in the middle cell culture channel using the spatially confined
chemical reactions, HNO; with various concentrations are introduced into the left side chan-
nel with a flow rate of 10 ul/min while flowing the DAF-FM solutions into the middle channel
with a flow rate of 1 ul/min.

Cell culture

NO has been intensively studied as vasodilator to relax vascular smooth cells, and how
these cells response to NO is also essential to cardiovascular disease research.”®>° Therefore,
aortic smooth muscle cells (AoSMCs, CC-2571, Lonza, Walkersville, MD) are utilized in this
study to demonstrate the device capability for cell culture studies under generated NO gra-
dients. AoSMCs are cultured using SmGM-2 BulletKit (CC-3182, Lonza). In order to monitor
intracellular NO concentrations, the AoSMCs are incubated with the 5 um DAF-FM diacetate
(D-23844, Invitrogen) in DPBS (Gibco 14040, Invitrogen) for 1 h at 37°C according to the
manufacture’s protocol for NO indicator uptake.”” The cells are washed with growth medium to
remove excess probes, and then incubated for additional 30 min to allow complete de-
esterification of the intracellular diacetate.
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Intracellular calcium measurement

To further demonstrate using the developed device for cell studies, measurement of intra-
cellular calcium concentration of AoSMC is performed. A ratiometric calcium-sensitive fluores-
cent protein, Premo™ cameleon calcium sensor (P36207, Invitrogen), is exploited to monitor
Ca”" flux within the cells under NO gradients.>" The cells are prepared according to the manu-
facture’s protocol. In brief, the AoSMCs to be transduced are plated in a T25 culture flask
(Nunc 136196, Thermo Fisher Scientific Inc., Penfield, NY) and allowed to adhere and grow in
a 37°C and 5% CO, humidified cell incubator for overnight before proceeding with the trans-
duction. The transduction solution (1 ml of cameleon calcium sensor component A and 1.75ml
DPBS) is added into the cell culture flask, and the cells are incubated at room temperature for
2 h with gentle rocking. The transduction solution is then replaced by 5ml culture medium
with 5 ul Premo™ enhancer (component B), and the cells are then incubated in the incubator
for 2 h. Afterwards, the enhancer is replaced by the normal growth medium, and the cells are cul-
tured in the incubator for more than 16 h to allow expression of the cameleon sensor. The cells are
trypsinized and seeded in the middle channel of the developed microfluidic device for the experi-
ments. The device is placed in the cell incubator for overnight culture before the experiments.

To image the intracellular Ca®*t concentration variation, the cells seeded inside the device
is maintained in 10x Hanks’ Balanced Salt Solution (HBSS, 14065-056, Invitrogen) with
20mM HEPES (H3784, Sigma-Aldrich, St. Louis, MO) and 2g/l D-glucose (G8727,
Sigma-Aldrich) at pH 7.4 with a flow rate of 1 ul/min.*' An inverted fluorescence microscope
with Forster Resonance Energy Transfer (FRET) capability (AF7000, Leica Microsystems,
Wetzlar, Germany) is exploited for observation. The excitation light with wavelength of
380445 nm is utilized to excite cameleon calcium sensor, and the fluorescence of cyan fluores-
cent protein (CFP) for Ca?"-unbounded form is detected at the wavelength of 460—500nm.
When the sensor is bounded to Ca*", FRET occurs from CFP to yellow fluorescent protein
(YFP). Therefore, the sensor emits additional fluorescence at the wavelength of 525-560 nm
from the YFP. As a result, the intracellular calcium concentration can be characterized by the
fluorescence intensity ratio between YFP and CFP.?’

RESULTS AND DISCUSSION
NO gradient characterization

After reacting with nitric oxide, the fluorescence quantum yield of DAF-FM is greatly
enhanced about 160-fold. Figure 2(a) shows the distinct intensity profiles of the NO calibration
solutions across the width of the middle channel (x-direction). The intensity profiles are
obtained by analyzing fluorescence images of DAF-FM flowing in the cell culture channel
detected by an inverted fluorescence microscope (AF7000, Leica Microsystems) equipped with
a CCD camera (ORCA-R2, Hamamatsu Photonics, Shizuoka, Japan). Analyzing the relation
between the fluorescence intensities and the solutions with known NO concentrations in every
position, the NO concentration profiles can be estimated from the measured DAF-FM fluores-
cence intensities. Figure 2(b) shows an example of the relation between fluorescence intensities
and NO concentrations at a specific position (200 um away from the channel wall close to the
chemical reaction channel). As a result, the NO concentrations in the middle channel when
introducing 12% HNOj; into the chemical reaction channel can be estimated by measuring fluo-
rescence intensities of DAF-FM flowing in the middle channel. For example, at position
x =200 um, the measured DAF-FM intensity is 1868, which represents approximately 160 nM
NO by interpolating the calibration curve as shown in Fig. 2(b). As a result, the NO gradients
across the width of the middle channel when introducing HNO;3 with various concentrations for
NO generation chemical reactions can be characterized as shown in Fig. 2(c). The results show
that the NO gradients within physiological NO concentration range can be successfully gener-
ated using the device.

To understand variations of the generated NO gradients in the flow direction (y-direc-
tion), the NO gradient profiles in upstream, midstream, and downstream regions are estimated
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FIG. 2. (a) Experimental fluorescence intensity profiles of DAF-FM along the width of cell culture channel when introduc-
ing solutions with various NO concentrations for calibration (solid lines). The dashed line is the fluorescence profile of
DAF-FM when flowing 12% HNOj; into left side channel and reacting with silver wire to produce NO. The intensity pro-
files are analyzed from the fluorescence images collected by an inverted fluorescence microscope equipped with a CCD
camera. (b) Fluorescence intensity versus NO concentration at the position x =200 um in the cell culture channel. The con-
centration of NO generated using the spatially controlled chemical reaction at the position can be estimated by interpola-
tion. (c) The resulted NO concentration profiles estimated from the calibration measurements when flowing HNO; with
different concentrations into the side channel.

according to the aforementioned procedures. Fig. 3(a) shows that the calculated NO gradients
located in the three different regions are similar to each other with NO concentration differen-
ces less than 10.3 nM. Furthermore, in order to estimate the NO concentration variation in the
channel height direction (z-direction), finite element analysis (FEA) is conducted using the
COMSOL Multiphysics 4.3b software (COMSOL Inc., Burlington, MA). In the software, a
three-dimensional model with microfluidic channels and PDMS walls is constructed, and the
convection—diffusion equation is solved numerically. For the fluid field simulation, constant
flow rate and no-slip boundary conditions are assigned at the inlet and the walls of the cell
culture channel, respectively. For the NO diffusion simulation, constant flux boundary
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FIG. 3. (a) The experimentally measured NO gradients located at upstream, midstream, and downstream in the cell culture
channel when introducing 12% HNO; into the side channel. (b) Cross-sectional view of the constructed 3D FEA model in
COMSOL Multiphysics 4.3b, and the simulation result. (c) The measured 30-s average NO concentrations at the position
x = 20 pum before and after introducing 12% HNOj into the side channel.

conditions are applied on the chemical reaction channel walls. Figure 3(b) shows the cross-
sectional view of the model constructed in the software and the simulated NO concentration
profile while the liquid in the cell culture channel flows at a flow rate of 1 ul/min. The result
shows that NO concentrations in the channel height direction are uniform with differences
less than 10nM.

In addition, the temporal response of the device for NO gradient generation is also studied.
Fig. 3(b) shows 30-s average NO concentrations at a specific position (20 um away from the
channel wall close to the chemical reaction channel) before and after introducing HNO; into
the side channel for NO generation at the 9th min. The NO concentration can be elevated to a
desired level within 10 min and kept stable for more than 40 min. The results suggest that the
developed device can efficiently generate stable NO gradients along the flow direction in the
cell culture channel, which are desired for various cell culture studies.
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Intracellular NO measurement

Figures 4(a) and 4(b) show the fluorescence images of cells cultured in the middle channel
with medium flow rate at 1 ul/min before and 30 min after introducing 12% HNOj; at flow rate
of 10 pl/min into the side channel. It can be observed that the fluorescence intensity within cells
on the left side is higher than that on the right side. Figure 4(c) plots an intensity profiles across
the channel width. The result shows that the fluorescence intensity within a cell on the left side
is enhanced approximately 2.1 times after exposed to NO generated by the chemical reaction.
In contrast, the fluorescence intensity within a cell on the right side is similar to that before the
NO exposure. The experimental result demonstrates that a NO gradient can be successfully gen-
erated in the middle cell culture channel in the direction perpendicular to the flow direction,
and the intracellular NO concentrations are affected by the gradient. Moreover, the cell numbers
before and after the NO gradient applications from 3 different experiments are also character-
ized. The number differences are less than 3.2%, which suggests the cells can attach well on
the substrate after exposing to NO gradients during the experiments.

Intracellular calcium measurement

In the experiments, 12% HNOs5 is introduced into the side channel at flow rate of 10 pl/min
and reacts with the embedded silver wire for NO gradient generation inside the middle channel
to investigate its effect on intracellular Ca®>" concentration variations. Figure 5 shows the intra-
cellular Ca®" concentration measurement results. Figures 5(a) and 5(b) show the bright-field
phase and ratiometric (YFP/CFP) microscopic images of the AoSMC cells cultured inside the
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FIG. 4. Fluorescence microscopic images of AoSMCs stained with DAF-FM diacetate for intracellular NO monitoring
under (a) control condition, and (b) NO gradients generated by introducing 12% HNOj; into the left side channel. (c) The
fluorescence intensity profiles across the width of the cell culture channel at a specific position along the flow direction
before and after introducing 12% HNOs into the left side channel. Scale bar is 250 pum.
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different positions in the cell culture channel. (d) Comparison of the Ca>* concentration oscillation frequency reduction of
the cells located in the different positions before and after the NO stimulation. Data are expressed as the mean * standard
deviation. (E) Fluorescence image showing cell viabilities after exposure to NO gradients for approximately 40 min. Scale
bar is 200 um.

middle channel. To investigate the intracellular Ca®" concentration variation under different
NO concentrations, Ca>" concentrations within a cell closed to (Cell A) and a cell far away
from (Cell B) the NO generation channel are analyzed. Figure 5(c) plots the Ca®" concentration
variation in time domain within the cells. The results show that Ca®" concentration oscillation
frequencies of both cells are decreased after introducing HNO; into the side channel for NO
gradient generation. The oscillation frequency of the Cell A reduced from 9.6 mHz to 6.0 mHz
(~39.4% reduction), and the oscillation frequency of the Cell B reduced from 5.3 mHz to 3.8
mHz (~28.3% reduction) after exposure to the NO gradient. Furthermore, to statistically study
the Ca®>" concentration oscillation frequency reduction, four cells located in left, middle, and
right one thirds of the channel are analyzed. An unpaired, two-tailed Student’s t-test is also per-
formed to compare the difference between the three sets of cells. Fig. 5(d) plots the Ca®" oscil-
lation frequency reduction of the three sets of cells. The cells located on the left one third of
the channel, which experience higher NO concentration, have larger oscillation frequency
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reduction (average 36.4%) than those located in the middle one third (average 24.8%, p > 0.05)
and right one third of the channel (average 22.1%, p <0.02). The results demonstrate that the
NO generated using the developed method affects the intracellular Ca** concentration oscilla-
tion of the cultured AoSMCs. The demonstrated decrease of the Ca®" concentration oscillation
frequency has been reported to result in NO-induced smooth muscle cell relaxation.*>

To further confirm the cell viability after the experiments, the fluorescence cell viability
assay (LIVE/DEAD Viability/Cytotoxicity Kit, L.3224. Invitrogen) is performed on the cells af-
ter the intracellular Ca®" concentration observation experiments (exposure to gradients for
approximately 40 min). In Figure 5(e), fluorescence image shows the cells labeled with live
(green)/dead (red) stains after exposure to the NO gradient. The fluorescence image demon-
strates that most the cells (>92%) are live after exposure to the physiological-level of NO gen-
erated by the developed device. The results suggest that the possible cytotoxicity of NO,, which
may be generated from oxidizing the generated NO within the physiological range, may not be
a major concern in the developed microfluidic device.” Furthermore, the pH of the medium in
the middle channel is monitored at the outlet during the experiments. No noticeable pH varia-
tion has been observed, which suggests the acidification of the medium by the HNO; flowing
in the neighboring channel is negligible. Consequently, the developed device provides a stable,
robust, and cost-effective platform to study cellular responses under characterized NO
gradients.

CONCLUSION

In conclusion, this paper reports a microfluidic device capable of efficiently generating sta-
ble NO gradients using spatially controlled chemical reactions. The device is constructed using
an elastomer material, PDMS, with great gas permeability. The chemical reaction between ni-
tric acid and silver is exploited to generate NO. In the experiments, NO concentration profiles
are characterized using NO-sensitive fluorescence dye, DAF-FM. Furthermore, AoSMCs are
cultured inside the device to demonstrate the device performance for cell culture studies. The
intracellular NO concentration and Ca®" concentration variation are characterized under NO
gradients. The results demonstrate the device can be exploited to study cell behaviors under
various physiological level NO concentrations. Without bulky and highly hazardous NO gas
cylinders, the device provides a simple, straightforward, and safe experimental setup to study
the roles of NO on in vitro cell models. In addition, without direct addition of NO donor, the
cellular activities will not be affected by the undesired chemical reactants. Moreover, taking
advantages the methods developed in this paper, it is also possible to construct a cell culture
array platform with various uniformly distributed NO concentrations for toxicity or mutagenesis
assays without tedious and complex instrumentation.®> The device may pave the ways for
researchers to better study the biological roles of NO in various cellular and tissue responses,
which has been a challenging task for decades.
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